zi(i = 1 , 2 ) are carried out analytically. By the help of the integralformulawe then obtain for (lAg)(z)12) and (lC$')(z,fl)12):
[S] M. Imai and T. Asakura, "Mode conversion in a slab optical waveguide with refractive index inhomogeneities,"
Trans. Inst. Electron. Commun.
Eng. Jap., vol. 58-C, pp. 708-713, Dec. 1974.
[9] -, "Log-amplitude and phase fluctuations of a guided beam mode in asymmetric slab waveguides," J. Opt. Soc. Amer., vol. [ 12 J This procedure is similar to the case obtained by the sum of the guided modes only [8] , [9] so that the details of the derivation are deleted in the paper. 
Liquid-Crystal Waveguides for Integrated Optics
Abstract-Liquid-crystal optical waveguides may be modulated or switched with high sensitivity by electrooptic, magnetooptic or acoustooptic effects.
Such guides, however, have relatively slow response times and relatively high scattering losses so that they currently appear limited to special-purpose applications.
A review is given on a variety of liquid-crystal optical switches or modulators. Specific work is then described on the analysis and experiment on thin-film nematic liquid-crystal guides with propagation constant controlled One also worries about the stability of the large organic molecules, the sensitivity of the materials to temperature, and the inconvenience of using liquids as compared with solids, but the widespread application of these materials to display devices shows that these inconveniences will not prevent their commercial use if they provide a needed service.
In this paper we review briefly the classes of liquid crystals and a few of the important effects with the proposed applications to integrated optics. We then describe the experiments and analysis in our laboratories on nematic liquid-crystal guides and their applications, on dynamic scattering switches, and on grating effects in mixtures of nematic and cholesteric liquid crystals.
CLASSES OF LIQUID CRYSTALS AND SOME PROPOSED APPLICATIONS 5) guest-host interactions in nematic liquid crystals; 6) pitch dilation in cholesteric liquid crystals.
The electric-field-induced realignment is the most straightforward of the effects and was used by Sosnowski [5] to produce a controllable filter for a TE wave propagating in a thin film. The nematic liquid crystal was placed over the optical guide, and applied electric field changed its index from one smaller than that of the film (maintaining guiding) to one larger (which allows the wave to radiate out). We have also analyzed and demonstrated the fieldinduced realignment effect and will describe the work in a later section.
The Williams domain [6] is an extremely interesting one in that periodic vortices are formed when an audio-frequency field is applied across a t h n nematic layer. There result Liquid crystals have the flow and conformability properties periodic variations in the refractive index, thus forming a of liquids, but have more internal ordering than an isotropic diffraction grating. The period of the grating is dependent liquid. There are three major mesophases of interest [l] - [3] : upon the strength and frequency of the audio field in certain the nematic, the cholesteric, and the smectic mesophases. In ranges, providing some tunability [7] . (In the controllable the nematic, Fig. l(a) , interactions among the long, rodlike range, the effect has been referred to as the "variable grating molecules tend to align them in a parallel fashion, although mode.") Penz and Ford [8] gave the electrodynamic analyses there is no ordering of position. The local average direction for these regimes. Carroll [9] showed diffraction patterns of molecular axis is described by the vector 2, called the arising from such gratings (not in integrated optics form).
director for that region. In the cholesteric mesophase, Fig [lo] . This is the mode of operation (There are subclasses of the smectic depending upon the degree Of most display devices and has been used as an optical shutter of ordering within those planes.) by Channin [ 11 ] and by Sheridan
Although there has been work on optical guiding with modulator produced 100 percent modulation with response smectic liquid crystals [4] , we will be concerned here with the times around 35 VS. He has Since described three-electrode nematic and cholesteric mesophases, and primarily with the optical gates Ii31 (this using field-induced realignment and effects arising from the application of electric fields (e1ectl-o-not in integrated Optics with response times of lo /1s. optic effects).
Some of the electrooptic effects that Seem We describe a dynamic-scattering-mode switching exinteresting for device applications, although not all have been periment later in the paper* Sheridan et az.
[I4] also report demonstrated in integrated optic form, are:
use of the electric-field-induced cholesteric to nematic phase transitions with lower scattering losses than in the 1) field-induced realignment of nematic liquid crystals; nematic guides, and with response times of tens of micro-2) the Williams domain and variable grating modes in seconds. nematic liquid crystals;
We do not know of integrated optics applications of the 3) dynamic scattering in nematic liquid crystals;
final two items on the above list. In guest-host interactions 4) cholesteric to nematic transitions;
[15] a dichroic dye (a dye whose absorption is a strong function of optical polarization) is introduced into the nematic liquid crystal. Alignment of the crystal by an applied field also aligns the dye, so that one might produce a variable attenuator by means of this mechanism. Pitch dilation of cholesterics [ l ] , whereby the pitch of the helical orientation patterns changes with applied field, produces a controllable periodicity and, in combination with nematics, will be discussed in the last section.
The molecules of the liquid crystals have magnetic moments also, and domains may be oriented through application of magnetic fields [ I ] . Thus there are magnetooptic effects paralleling most of the electrooptic effects described above. Magnetic fields are generally less convenient to apply than electric fields (although some thin-film magnetooptic devices have been reported [16] ) and there is no reason to believe that they would be faster in response time. Acoustic streaming has been demonstrated in liquid crystals [17] , so some attention to acoustooptic effects (perhaps in combination with other effects) may be interesting.
FIELD-REALIGNED NEMATIC LIQUID-CRYSTAL GUIDES
Consider a thin film of a nematic liquid crystal such as MBBA (p-methoxybenzylidene-p-n-butylaniline) for use as an optical guide, with the modulating field applied across the thin dimension of the guide as in Fig. 2 . An optically transparent conducting film such as tin oxide or thin metal films backed by lithium fluoride above and below the MBBA layer are required for this embodiment. Since MBBA possesses negative anisotropy of susceptibility, the molecules tend to align themselves perpendicular to the electric field, but at the upper and lower boundaries the forces imposed by the wall compete with the electric forces, and, in fact, are dominant at the boundaries. More will be said later about alignment by the boundaries, but here we assume that the surfaces have been treated by a "surfactant" so that the director is constrained to be normal to the surfaces at the boundaries. (This is called homeotropic orientation.) Above some critical voltage the interior molecules begin to rotate with applied field [ 181 . The orientational angle 0 , as a function of distance from the center of the guide, is shown for two different fields (above the critical) in Fig. 3 The crosses are from a computer solution and the solid curves from an approximate model described in [19] .
means, and in [19] it was done by computer, and approximately by dividing the guiding region into three homogeneous layers. Computer plots were made in this way for two different modes with several values of VjV, where V is the applied modulating voltage across the film and V, is the critical voltage. Sample values of modal magnetic field Hy versus distance are plotted in Fig. 4 for the TMo and TMl modes. Values of n,ff as a function of film thickness for several different TM modes are shown in Fig. 5 for V/V, = 1 .I and VjV, = 1.5, where n,ff is defined in terms of phase constant P by In order to check the analysis, a deflector was built by coupling out of the thin film through a prism coupler and monitoring the angles of the "m lines" as modulating voltage across the film is changed [20] . A comparison of the corresponding neff from theory and experiment for several modes is shown in Fig. 6 . Agreement is good. Response time of this device is of the order of milliseconds for the 2.1-pm film used and might be reduced to a fraction of a millisecond for a I-pm film.
The scattering loss in this type of guide was measured in a separate experiment [21] by probing the scattered optical field, Fig. 7 . Scattering loss caused by the long-range fluctuation of the ordering of the molecular axis in the liquid crystal was found to be from 20 to 35 dB/cm, depending upon the direction of 2 and the polarization of the light, and agreed reasonably well with a theory based upon a model of de Gennes [22] . Giallorenzi and Sheridan [24] presented a more rigorous analysis of mode conversion and scattering loss using a similar model and predicted propagation losses around 28 dB/cm. Sheridan et al. [13] had reported losses as low as 1 dB/cm, but in a later paper reported [23] that they were not able to reproduce these results reliably and have recently cited values of 18 dB/cm for nematic liquid crystals, although they have obtained very low scattering losses in the smectic liquid-crystal guides [4] . Hu [25] has shown the possibility of decreasing scattering losses by applying confining electric or magnetic fields, but the required magnetic fields would not be convenient in integrated optics applications.
A more recent scattering loss measurement for a nematic waveguide structure was made using the arrangement of Fig. 8 . Silicon monoxide deposition was used for the homogeneous liquid-crystal alignment (see below). A He-Ne laser beam was coupled into the organic fdm through the prism coupler and, after propagating about 1 cm, entered the liquid-crystal region. Attenuation of the optical signal through the liquid-crystal region was estimated as 15 dB/cm using visual observation
To conclude this section, we comment more on the mechanisms for aligning the liquid-crystal molecules at a boundary. As noted earlier, we used MBBA doped with a surfactant to produce the homeotropic alignment, although only a monolayer of the surfactant is needed for the purpose [27] . Alignment parallel to the surface (homogeneous alignment) has often been obtained by rubbing the substrate with paper, tissue, or cotton wool, but a more reliable technique has been described by Janning [28] in which silicon monoxide (or certain metals) is evaporated on the substrate at an angle of 85" from the normal to the substrate. A survey including still other techniques is given in [3, ch. 121 .
[261 .
DYNAMIC SCATTERING MODE (DSM)
The simplest application of liquid crystals in communications may be the shutter-type switch device incorporating a DSM of nematic liquid crystal [ 111 , [12] . Fig. 8 shows a thin-film switch device used in our laboratories to study the effect. The nematic liquid crystal (MBBA) is inserted by capillary action between two transparent electrodes (CG-75, purchased from Industrial Optics).
When a voltage applied to the electrodes exceeds a threshold voltage (-1.5 V for a 1-mil cell), turbulance in the liquid crystal sets in and the accompanying scattering blocks the passage of the incident beam. Response time of the order of 30 ms is observed.
CHOLESTERIC DEVICE
The helix structure of a cholesteric liquid crystal is very attractive in integrated optics applications because it may be used as a controllable grating. Color change in cholesteric liquid crystals from blue to red with increasing electric field was reported by Kahn [29] , who explained the effect as pitch dilation with electric field applied normal to the helix axis. Although cholesteric liquid crystals whose pitches are of the order of the wavelength of visible light are preferable in integrated optics applications, there are some difficulties because the voltage necessary for the control of the helix structure is inversely proportional to the pitch, and the structure is not single-crystal, usually.
The above difficulties can be overcome by using materials with large pitches which can be obtained simply by adding small quantities of cholesteric liquid crystals into nematic liquid crystals. This mixed material can have nematiclike or cholestericlike behavior depending on the detailed geometry of the device. When the surfaces limiting the mixed material are treated for homeotropic alignment, the mixture adopts the homeotropic (nematic) texture by untwisting the helix if the thickness of the liquid crystal cell is smaller than the pitch and assumes the fingerprint texture otherwise [30] . Recently, Haas and A d a m [3 11 observed a spherulitic texture exhibiting a storage mode by applying an electric field normal to the mixed liquid-crystal cell which was aligned homeotropically. However, the mechanism involved and the detailed structure of the texture are not well understood. If the surfaces bounding the mixed liquid crystal are treated for homogeneous alignment, the mixture adopts the Grandjean plane texture (in which the helix axis is normal to the film) with the pitch adjusted to satisfy the boundary conditions at the limiting surfaces. Then we have a (Grandjean f focalconic) texture transformation rotating the helix axis 90" when electric field is applied normal to the cell [32] .
We report here the observation of striped textures of the mixed liquid crystal, originally adopting Grandjean plane texture, when t.he electric field was applied parallel to the liquid crystal cell.
Silver electrodes were fabricated with a narrow (-1-mil) gap on the substrate and the surfaces of the top layer and electrode gap were coated with silicon monoxide for homogeneous alignment. The mixed liquid crystals used were MBMA and 1-3 percent by weight of cholesteryl mixture (30 percent cholesteryl chloride, 28 percent cholesteryl nonanoate, and 42 percent cholesteryl oleyl carbonate). The mixed liquid crystal was then sandwiched between the top layer and substrate. When the low-frequency (below -1 kHz) was applied, the Grandjean plane texture broke up and texture similar to the Williams domain appeared. As the field intensity was increased, dynamic scattering appeared exhibiting the nematic-like behavior.
In the low-frequency regime, the dominating mechanism is the charge transport effect and the texture returned to the original Grandjean plane texture when the applied field was turned off [ Fig. 9(a) ]. As the frequency of the applied field was increased above -1 kHz, the charge carriers could not follow the applied field and molecules started to respond to the applied field. The result was a periodic distortion of the Grandjean plane texture which entered into the fingerprint texture with the helix axis along the applied field direction when the applied field was further increased [ Fig. 9(b) ]. This picture agrees with the energy consideration because the mixture has negative dielectric anisotropy and the field tries to align the director normal to it in the absence of charge transport. The fingerprint texture persisted for a few hours even after the field was turned off, showing the storage mode property. We have observed diffraction of a wave transmitted through the gratings and controllable coupling from optical waveguides by means of these gratings. There is presently both loss and beam distortion in this coupler, and work is continuing toward its improvement. The present grating periodicity (3) (4) pm) restricts coupling to waves with low angles of incidence.
CONCLUSION
Because of the limitations on response time and scattering, the liquid-crystal devices are not likely to be of central importance in integrated optics. But because of the large variety of effects, and the large number of possible controlling variables, it seems worth investigating them for special applications. Applications to tuners or controllable phase matchers, for which rapid response time is not required, are promising, and there are switching applications for which millisecond response times are adequate. It is also interesting to think of applica-tions in which more than one of the controlling variables (electric field, magnetic field, acoustic energy, etc.) might be applied, or in applications for which the well-known display properties might be combined with optical guiding in the liquid-crystal films. The dynamic-scattering switch described above is an elemental form of such a device.
